The neutrino oscillation probabilities at the long baseline accelerator neutrino experiments are expected to be modified by matter effects. We search for evidence of such modification in the data of T2K and NOνA, by fitting the data to the hypothesis of (a) matter modified oscillations and (b) vacuum oscillations. We find that vacuum oscillations provide as good a fit to the data as matter modified oscillations. Even an extended run of these experiments, with 5 years in neutrino mode and 5 years in anti-neutrino mode, can not make a 3 σ distinction between vacuum and matter modified oscillations. The proposed experiment DUNE, with 5 years in neutrino mode and 5 years in anti-neutrino mode, can rule out vacuum oscillations by itself at 5 σ if the hierarchy is normal.
I. INTRODUCTION
Neutrino oscillations provide a signal for physics beyond standard model. Over the past 20 years, a large number of experiments have determined neutrino oscillation parameters to better and better precision. The values of these parameters, obtained from a global analysis of all data, are shown in table I.
Parameter
Best fit 1σ range 3σ range ∆m 2 21 /10 −5 eV 2 (NH or IH) 7 From the table, we note that the smaller mass-squared difference ∆ 21 is positive but the larger mass-squared difference ∆ 31 can be either positive or negative. The case of positive ∆ 31 is called normal hierarchy (NH) and that of negative ∆ 31 is called inverted hierarchy (IH). We also note that sin 2 θ 23 can be > 0.5 or < 0.5. In the former case, θ 23 is said to be in the higher octant (HO) whereas in the latter case it is in lower octant (LO).
Neutrinos experience coherent forward scattering while passing through matter. The effect of this scattering is parametrized by the Wolfenstein matter term [3] A(in eV 2 ) = 0.76 × 10 −4 ρ(in gm/cc)E(in GeV),
where ρ is the density of matter and E is the energy of neutrino. The presence of this matter term modifies both the mass-square differences and the mixing angles and hence the neutrino survival/oscillations probabilities. Matter effects play a crucial role in the solution for solar neutrino deficit [4] [5] [6] . The existence of matter effects in oscillations driven by the smaller mass-squared difference ∆ 21 are established at a significance better than 5 σ [7] .
The signature of oscillations driven by the larger mass-squared difference ∆ 31 was first observed in atmospheric neutrino data [8] [9] [10] [11] [12] . Initially, this data was analyzed using vacuum oscillation hypothesis and the corresponding oscillations parameters were determined [12] .
The survival probability of up-going ν µ /ν µ , with moderately large energy (4 − 10 GeV), gets modified due to matter effects. Super kamiokande experiment searched for these modifications. They found that matter modified oscillations with ∆ 31 positive do provide the best fit to their data but "vacuum oscillations are disfavoured only at 1.6 σ" [13] . The modification of the oscillation probabilities due to matter effects are different for different hierarchies [14, 15] . Observation of appropriate changes can lead to hierarchy determination, with atmospheric neutrino data [16, 17] or with long baseline accelerator neutrino data [18, 19] or with both [20, 21] .
Before using matter effects to determine the hierarchy, one should unambiguously establish the presence of matter effects in long baseline neutrino experiments. Two such current experiments are T2K [22] and NOνA [23] . These experiments measure the survival probabilities, P (ν µ → ν µ ) and P (ν µ →ν µ ), and the oscillation probabilities, P (ν µ → ν e ) and P (ν µ →ν e ). For baselines of the order of 1000 km or less, the changes in survival probabilities are negligibly small but the changes in the oscillation probabilities are significant ( 9% for T2K and 25% for NOνA [24] ). Hence the hierarchy determination ability of these experiments comes essentially from the measurement of P (ν µ → ν e ) and P (ν µ →ν e ). The expression for matter modified P (ν µ → ν e ) for these experiments is given by [14, 25] P (ν µ → ν e ) = sin 2 2θ 13 sin 2 θ 23 sin 2∆ (1 −Â)
(1 −Â) 2 + α cos θ 13 sin 2θ 12 sin 2θ 13 sin 2θ 23 cos(∆ + δ CP ) sin∆Â
where∆ = 1.27∆ 31 L/E,Â = A/∆ 31 and α = ∆ 21 /∆ 31 . The expression for P (ν µ →ν e ) is obtained by replacing A by −A and δ CP by −δ CP . We note that these two probabilities not only depend on the unknown hierarchy but also on two other unknowns δ CP and the octant of θ 23 . For T2K and NOνA, the change induced by matter effects is similar in magnitude to the change induced by choosing a different but allowed value of δ CP and/or θ 23 [26] .
Therefore, it is possible to cancel the change induced by the matter effects by choosing a 3 wrong value of δ CP and/or θ 23 . That is, the same value of P (ν µ → ν e ) can be obtained from matter modified oscillations with one value of δ CP and from vacuum oscillations with a different value of δ CP . Hence the unambiguous establishment of matter effects at long baseline experiments is non-trivial.
In this work we study the distinction made by the present data of T2K and NOνA between vacuum oscillations and matter modified oscillations (for both hierarchies). We do find that matter modified oscillations with normal hierarchy do provide the best fit solution to the data but the vacuum oscillations provide nearly as good a fit. We also consider the ability of T2K
and NOνA to make a distinction by the end of their runs. We find that a 3 σ discrimination is not possible even if each experiment has a (5ν + 5ν) run (that is, 5 years each in neutrino and anti-neutrino modes). We further study the ability of the future experiment DUNE to make such a discrimination. The baseline and hence the energy of the neutrino beam of DUNE are larger which lead to larger changes in P (ν µ → ν e ) and P (ν µ →ν e ) due to matter effects. A one year neutrino run of DUNE by itself can make a 3 σ discrimination between matter and vacuum oscillations, if the hierarchy is normal. Addition of the T2K
and NOνA data to one year of DUNE data leads only to a small improvement in this discrimination. Vacuum oscillations can be ruled out at 5 σ, for both normal and inverted hierarchies, by the combined T2K (5ν + 5ν), NOνA (5ν + 5ν) and DUNE (5ν + 5ν) runs.
II. ANALYSIS PROCEDURE
We use the following procedure to generate our results. We calculated the theoretical event spectra with three flavour oscillations using GLoBES [27, 28] , for the appearance and disappearance channels in both neutrino and anti-neutrino modes for T2K and for NOνA.
These rates are calculated with the matter potential parametrized as q * A, where A is the standard Wolfenstein matter term and q is a multiplicative factor. In this analysis, we consider the possibility of non-standard matter term, as was done in ref. [13] . The following inputs are used in our calculations: the solar neutrino parameters sin 2 θ 12 and ∆ 21 were held fixed at 0.31 and 7.39 × 10 −5 eV 2 respectively. The values of sin 2 θ 13 were varied in its 3 σ range around its central value 0.02237 (0.02259) with σ = 0.00066 (0.00065) for NH (IH). The values of sin 2 θ 23 were varied in its 3 σ range around its central value 0.563 (0.565) with σ = 0.024 (0.022) for NH (IH). The larger mass-squared difference |∆ 31 | (|∆ 32 |) was varied in its 3 σ range around its central value 2.528 × 10 −3 eV 2 (2.510 × 10 −3 eV 2 ) with σ = 0.031 × 10 −3 eV 2 for NH (IH). The CP violating phase δ CP is varied in its full range (0, 360 • ). The theoretical event rates are calculated separately for both test hierarchy NH and IH. The non-standard matter interaction parameter q is varied between (0, 2). The value q = 0, of-course, stands for vacuum oscillations.
In the first instance, we compare these theoretical event rates with the present data of T2K and NOνA. This is done by computing the χ 2 between the theory and data for each of the four data sets of each experiment. For a particular experiment and for a particular data set, the Poissonian χ 2 is calculated using the expression
where i stands for bins for which N exp i = 0 and j stands for bins for which N exp j = 0.
The term χ 2 (sys) arise due to systematic uncertainties. For each of the two experiments, we included systematic uncertainties of 10%, using the pull method. We varied the pull parameter in 3σ range and marginalized over it to determine χ 2 m as a function of test values of oscillation parameters, mass hierarchies and q.
We calculated the total χ 2 for both NH test and IH test as 
We added priors on sin 2 θ 13 , sin 2 θ 23 and |∆ 31 | (|∆ 32 |) for NH (IH). During the calculation of χ 2 (tot), we have to keep in mind that the test values of the oscillation parameters are same for all the individual χ 2 s. This quantity χ 2 (tot) is a function of test values of oscillation parameters, hierarchies and q. We found the minimum of χ 2 (tot) and subtracted it from all other values of χ 2 (tot) to obtain ∆χ 2 as a function of test values of oscillation parameters, hierarchies and q. At the last step, we marginalized ∆χ 2 over all the oscillations parameters but not over hierarchy and q.
In later stages we simulated the expected data from the future runs of T2K and NOνA and also the runs of the future experiment DUNE. These simulations were done with the best fit values [1] of mass-squared differences, mixing angles, δ CP and q = 1. These were done separately for both NH and for IH as true hierarchy. The results of these simulations 5 were used as data and the theoretical event rates and χ 2 were calculated as described earlier.
In the case of this calculation, χ 2 is equivalent to ∆χ 2 .
III. RESULTS

A. From present data
So far NOνA has taken data 8.85 × 10 20 POT in ν mode and 12.33 × 10 20 POT inν mode. The disappearance and appearance spectra for both modes are given in ref. [29] . At present, T2K has taken data with 14.9 × 10 20 POT in ν mode and 16.4 × 10 20 POT inν mode [30] . The appearance event spectra (for both ν andν modes) are given in ref. [30] but the disappearance event spectra for the full data set are not available. Ref. [31] gives the disappearance spectra for 14.7 × 10 20 POT in ν mode and 7.6 × 10 20 POT inν mode. We use the above mentioned spectra in our analysis. As explained in introduction, the change induced in the survival probabilities due to matter effects is quite small. Therefore, we expect that our results would remain the same even when the disappearance spectra of the full T2K data are used in the analysis.
The above data set, with 154 data points, was fit to the hypothesis of three flavour oscillations with variable matter term as described in the previous section and the results are displayed in fig. 1 . The minimum χ 2 = 176.5 occurs for ∆ 31 positive and q = 0.8.
Standard matter oscillations with NH (q = 1) has essentially the same χ 2 whereas the standard matter effects with IH are disfavored by a ∆χ 2 = 5.5. It is interesting to note that vacuum oscillations (q = 0) provide nearly as good a fit to the data as matter modified oscillations with NH (with χ2 = 179.2).
B. Expectation from extended runs of T2K and NOνA
We now consider the ability of extended runs of T2K and NOνA to establish matter modified oscillations. Using GLoBES, we simulated event spectra of T2K for 37.4 × 10 20
POT each in both ν andν mode corresponding to a five year run in each mode. The POT in ν mode and 7.6 × 10 20 POT inν mode. The minimum χ 2 , for 154 data points is 176.5. The blue (red) curve is for ∆ 31 positive (negative). Note that vacuum oscillations (q = 0) also provide a reasonably good fit to the data.
for NH being the true hierarchy and for IH being the true hierarchy. The simulated data is analyzed in the manner described in section 2 and the results are shown in fig. 2 . We note that such an extended run rules out IH at 3 σ if NH is the true hierarchy but rules out NH only at 2 σ if IH is the true hierarchy. We also note that, no matter what the true hierarchy is, the vacuum oscillations have a very small ∆χ 2 2. Hence we can state that the combined data of T2K and NOνA cannot distinguish between matter modified oscillations and vacuum oscillations. Note that T2K and NOνA can not rule out vacuum oscillations at 3 σ even with such long runs.
C. Expectation from DUNE
The future long baseline accelerator neutrino experiment DUNE [32] [33] [34] is designed to disentangle the changes due to matter effects from the changes due to δ CP . Its baseline (L 1300 km) is much longer than that of T2K or NOνA. Its peak energy is correspondingly higher and matter effects larger. Therefore, it is expected that it will have a much better ability to rule out vacuum oscillations. Fig. 3 shows the ability of one year neutrino run of DUNE to establish matter modified oscillations. We note that vacuum oscillations are ruled out at 3 σ if the true hierarchy is NH but only at 2 σ if the true hierarchy is IH. Addition of T2K (5ν + 5ν) and NOνA (5ν + 5ν) runs leads only to a marginal improvement but not 3 σ discrimination. In order to consider a 5 σ discrimination against vacuum oscillations, we did a simulation of DUNE (5ν + 5ν) run. Here again, we find that a 5 σ discrimination is possible only if the true hierarchy is NH but not if the true hierarchy is IH. However, a 5 σ discrimination is possible for both hierarchies if the data of DUNE (5ν + 5ν) run is considered in conjunction with T2K (5ν + 5ν) and NOνA (5ν + 5ν) runs, as illustrated in fig. 4 . We also note from this figure that values of q out side the range (1 ± 0.4) are ruled out at 3 σ or better.
IV. CONCLUSIONS
Matter effects allow us to determine the sign of neutrino mass-squared differences. The existence of matter effects at the scale of ∆ 21 is well established [7] . However, at the scale of ∆ 31 , vacuum oscillations fit the data nearly as well as matter modified oscillations. This is true for both atmospheric neutrino data [13] and for present long baseline accelerator data, as demonstrated in this work. We also show that extended runs of T2K and NOνA can not rule out vacuum oscillations at 3 σ. Such a result can be achieved with one year neutrino run of DUNE, if NH is the true hierarchy but not if IH is the true hierarchy. Ruling out vacuum oscillations at 5 σ requires the combined data of (5ν + 5ν) runs of T2K, NOνA and DUNE. Such a data can also establish the strength of matter effects with good precision.
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